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Example: ASC in Fabry-Perot cavity

* Auxilliary controls noises of high-finesse

cavities suffer from a curse T 4
- The relative sensitivity of length and ’bOO ‘2 = —P,

alignment scales with finesse P = ’a|2 T

1n
* This naturally entails that if length is
guantum-noise limited Length modulation signals
V7 |
The alignment D.O.F. should never €00 = Tboo'%(%ﬁ HHH[HHH(H”HH”HI ol
have control in-band * Alignment modulation signals
T

) . Co1l = —boo - kwdo ﬁ (59
Alignment is also usually sensed from 4 . _ | )
pick-offs which further reduces relative X Alignment modulation Power
sensitivity ‘501|2 s Z (kweRMS)z ‘b00|2 QRMS

Angle to Length

\c00|:\/%\boﬂ'k’wwz%'%QRMS‘|001| ¢ ‘I IIIII' 1il I Il
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Example: ASC in Fabry-Perot cavity

* 1000ppm input coupler: T oo ? = 45 (R)
4 4000  (bad factor) Py, = |al? T "
T
e 300m cavity (w~10mm) with 1uRad of
RM}? misalignment: i \/Zb NPT T—
%UQRMS ~ .03  (good factor) €00 = |/ P00
« 1000x more power in sensing than co1 = \Eboo R 06
(backscatter driven) length: B B
\/110W ~ .03 (good factor) |bo1|? ~ i (kwOrns)” [bool® - OrMsS
* 10x safety and 6db sqz: 20x (bad factor) ‘ | S11111 11111 l
ASC Loop needs to roll off by: %
20 - 4000 - .03 - .03 ~ 75 ool = @M it e
assuming no other DC misalignment,

and that ASC is quantum-limited in its sensing
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To summarize what all you need

Ground noise * |nterferometer Model, with control
- length sensitivity

SEI performance model

- RMS sensitivities

— appropriately blended control _ bilinear sensitivities

SUS model « Contamination of ASC/LSC error points

- appropriately damped control (IFQ + SUS + SEl model)
- Vertex

Electronics Models . .
— Input-output optics

- Margin to quantum limit - VCO and Laser noises
« Understanding of margins, discrepancies
many of these steps require a human - the ASC residual is not the RMS

to design fiducial/actual loop models

at each iteration - nor is the alignment dither system

residual (apparently, study ongoing)
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Model Framework in Statespace

K Real Noises and suspensions fittable using lIRrational or successors

Ground root-PSD filter

Modeled noises, SEl, IFO fittable using AAA, see G2001502

A

W 1 GND & o S

W1 sgl 212 Plat. C|D

Seismic sensing root-PSD filter

W 1P OSEM+ ‘éig

SUS sensing root-PSD filter

SUS

AN

w 1p VACUUM &

> IFO &5
>

A A / IFO models need bilinear extensions
W 1 GWINCs

For ASC/LSC cross-couplings inSpiral A|B
IFO noise root-PSD filter /noise C|D
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https://dcc.ligo.org/LIGO-G2001502

Model Framework in Statespace

Ground root-PSD filter

=
ol >
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GND &1
SEl 2o

Seismic sensing root-PSD filter

|SI
Plat. ¢|D

Fast, Reliable

Lee McCuller
MIT, LIGO Laboratory

A|B

K LVK Collaboration Meeting
Advanced Interferometer
Configurations

Sept. 2020

OSEM+ C|D

SUS sensing root-PSD filter

AN

W 1

SUS

K Real Noises and suspensions fittable using lIRrational or successors

Modeled noises, SEl, IFO fittable using AAA, see G2001502

ZPKs from

Interferometer and Controls Modeling

polesé&:
K ASD or TF response

Example 4.5

Mo 380 o, mx el ror 1609, e 2658
+ 30/30 Msol BBH inspiral from 10
IMRPhenomD from s \
lalsimulation 3

* Just fit the strain PSD

+ Remove right-plane
les&zeros to get a stable

VACUUM-2

W 1>

> IFO &5
>

DARM AStro

/ IFO models need bilinear extensions

GWINCs &

willes)iRwiies

IFO noise root-PSD filter
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For ASC/LSC cross-couplings

inspiral A | B
/noise C|D

root-PSD Signal whitening
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Seismic Model Internals
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W j\'_‘ CPS é Blend filter
W1 Gs13 4
WiLac =

Seismic sensing PSD-like

McCuller, GWADW May ‘21



LOQE/Kalman Seismic Toy Example

Ground PSD-like

ISI A |B
Plat. € |D

I

W 1 GND&1p

Wimcps 212
W1m Gs13 -2 —a

Linear Quadratic Estimators or
Kalman Filters for “Optimal Estimation” of
the seismic platform state

- Can only handle white noise inputs

- Only optimizes the total RMS estimate
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Seismic Acceleration-like units

., toy seismic blending model, sensing noise inputs
103

Al B
L C|D
Blend filter

1075 4

10-7 4

1079 4

™

N\

AN

Seismic Background

N

10711 Sensor 1, good but tilt-contaminated
—— Sensor 2, bad but broadband
—— aspirational optimum --- weighting function
1073 1072 107! 10° 10! 10?2 103

Frequency [Hz]
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I 100

F107?!

Weighting Magnitude [black dashed]



LQE/Kalman Seismic Example

Ground PSD-like —1
: CPS (&15) > <ML
w il GNDALE | B AB{ L AlB

Plat. € |D A|B\ '
GS13 < C|D )/ Blend filter
W W 1

10!

ol >

1073

Fixing the LQE methodology:

1075 4

107 ] \
\\\\\\\\\ - 10°
10-9 4

- Augmented systems output in
SNR-units

Seismic Acceleration-like units
Weighting Magnitude [black dashed]

- still only optimizes the total RMS

= Seismic Background eSt” I late
10-11 4 Sensor 1, good but tilt-contaminated

—— Sensor 2, bad but broadband

—— aspirational optimum ---- weighting function | 107!

1073 1072 107! 10° 10t 10?2 10°

Frequency [Hz]
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LQE/Kalman Seismic Example

Ground PSD-like

B ISI A|B

CPS(&12)

A
GND&15 ™ plat. ¢

GS13 (&

+ >

i

B\
D

synthesize L using algebraic Ricatti eqn. solve
from python control.lge(...)

1073

10-5 4

1077 4

1079 4

Seismic Acceleration-like units

10-11

10!

*—\QN\‘\\\\\\\:i:i:itt\\\ -
= Seismic Background

- Sensor 1, good but tilt-contaminated
= Sensor 2, bad but broadband
- aspirational optimum

-- weighting function | 107!

1073 1072 107t 10° 10t 102 103
Frequency [Hz]
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Weighting Magnitude [black dashed]
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Seismic Acceleration-like units
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Blend filter
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—— Seismic Background
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LOQE/Kalman with Whitening

Ground PSD-like

i

Blend filter
e _
WIRV G5 ™ CPS ¢
1y A[B L A —
WIRV &5 GS13 ¢

* Can re-weight the RMS of internal
states through, yet again,
augmentation (the “V” system)

=
S)
i

1079 4

Seismic Acceleration-like units
Weighting Magnitude [black dashed]

* De-whiten all inputs to add weights to —— Seismic Backoround

1o ] \
10711 4 Sensor 1, good but tilt-contaminated

the “effective RMS” integral implied by — sensor 2 bad bt roadband I T~ ]
. . N —— aspirational optimum  ----77 ---- weighting function
Lyaponov and Ricatti equations of LQE

1073 1072 107! 10° 10! 10?2 103
Frequency [Hz]
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LOQE/Kalman with Whitening
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LOQE with AAA-fit (optimal?) Welighting

A | B
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G313 <%’%)1 _>' (%’%)_IE Blend filter

GND +ISI
Plat.

Nearly saturates the optimum
2 —— Seismic Background
. . . " ” c —7 ilt- i
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Aspirational Modelling Example
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Ground root-PSD filter
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The big ideas

* Fitting can now create the needed root-PSD noise, weight, plant filters.
* Essentially building these models to study LIGO, not yet in this framework

e Such models, in some framework, are needed for LSC/ASC design
requirements

* If done In statespace, it seems possible to remove all design freedom of the
control system - inclusion as fundamental noise curves

e Speculation: If the “aspirational optimum” sensing blend curves are
saturated at each point, no further information is available — Al and bilinear
subtraction will not help to surpass limits implied by those curves

* We can thus establish performance bounds given as-built or as-designed
configurations

- Find how near current-gen is from the as-built bounds.
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